The ecotoxicity of platinum nanoparticles (PtNPs) widely used in for example automotive catalytic 25 converters, is largely unknown. This study employs various characterization techniques and toxicity 26 endpoints to investigate PtNP toxicity towards the green microalgae Pseudokirchneriella subcapitata 27 and Chlamydomonas reinhardtii. Growth rate inhibition occurred in standard ISO tests (EC 50 values of 28 15-200 mg Pt/L), but also in a double-vial setup, separating cells from PtNPs, thus demonstrating 29 shading as an important artefact for PtNP toxicity. Negligible membrane damage, but substantial 30 oxidative stress was detected at 0.1-80 mg Pt/L in both algal species using flow cytometry. PtNPs 31 caused growth rate inhibition and oxidative stress in P. subcapitata, beyond what was accounted for by 32 dissolved Pt, indicating NP-specific toxicity of PtNPs. Overall, P. subcapitata was found to be more 33 sensitive towards PtNPs and higher body burdens were measured in this species, possibly due to a 34 favored binding of Pt to the polysaccharide-rich cell wall of this algal species. This study highlights the 35 importance of using multi-method approaches in nanoecotoxicological studies to elucidate toxicity 36 mechanisms, influence of NP-interactions with media/organisms, and ultimately to identify artefacts 37 and appropriate endpoints for NP-ecotoxicity testing. 38 3 39
INTRODUCTION
The abiotic generation of reactive oxygen species (ROS) by PtNPs and PtCl 4 suspended in algal media 139 (without algae present) was determined using the fluorescent dye 2',7'-dichlorodihydrofluorescein 140 diacetate (H 2 DCF-DA, Sigma Aldrich) as described by Ivask and co-workers. 23 Specific details are 141 given the Supporting Information (SI).
143
Algal growth rate inhibition and 14 C-assimilation tests 144 Tests were performed in accordance with the ISO 8692 algal growth inhibition test protocol 21 with 145 modifications as described below, and 48 h incubation. 24 Tested concentrations (n=3) and controls 146 (n=6) were inoculated with algae (10 4 cells/mL) yielding average control growth rates of 1.0-1.3 d −1 for 147 P. subcapitata and 1.7-1.8 d −1 for C. reinhardtii. A maximum pH change of 1.7 units occurred in 148 controls as well as exposed algae during the 48 h incubation. The quantity of algal pigments was 149 quantified at 0, 24 and 48 h by acetone extraction 25 followed by fluorescence spectrophotometry 150 (Hitachi F-7000) at 430 and 670 nm excitation and emission wavelengths, respectively. The 14 C-151 incorporation was performed as described in previous work 16 (details are included in SI). A maximum 152 change in pH of 1.5 units was measured during the 2 h incubation. 153 The influence of PtNPs' shading on algal growth rates and 14 C-assimilation inhibition was studied 154 under the same conditions as described above, but using a double-vial test setup. Algae in media (2 155 9 mL) were kept in a small inner-vial, and physically separated from the PtNP suspension (6 mL) placed 156 in the larger outer-vial ( Figure S1 ). The control growth rates were in the range given for the regular 157 setup. Finally, the potential photochemical efficiency was monitored over 48 h in algae exposed to 0, 2 158 and 80 mg Pt/L, as described in the SI. Algal cell damage and oxidative stress 161 Test suspensions were prepared in volumetric flasks, inoculated to 10 5 cells/mL and distributed (25 162 mL, n=3) to 100 mL Erlenmeyer flasks incubated as described in the SI. Tests with PtCl 4 were 163 conducted using the setup for growth inhibition tests. A maximum variation of 0.4 (PtNPs) and 1.3 164 (PtCl 4 ) pH-units was found before testing and after 48 h incubation in controls and the highest test Technologies Europe B.V., Zug, Switzerland) was employed as intracellular oxidative stress indicator 168 (5 µM), and propidium iodide (Sigma-Aldrich, Buchs, Switzerland) was used to determine membrane 169 permeability alteration (7 µM), as previously described in details for C. reinhardtii. 26, 27 Unexposed 170 algae were used as negative controls, whereas the positive controls prior to staining, were incubated 171 with 10 mM H 2 O 2 (30 min in the dark) and in a 90°C water bath (10 min) for CellROX Green and 172 propidium iodide, respectively. Flow cytometry was conducted using a BD Accuri C6 flow cytometer 173 (BD Biosciences, San Jose, CA, USA) with an argon-ion excitation laser (488 nm) and FL1 green 174 channel (530 ± 15 nm), FL2 orange channel (585 ± 20 nm) and FL3 red channel (670 ± 25 nm). For 175 tests with PtCl 4 , results were analyzed using a BD FACSCanto II flow cytometer (BD Biosciences, San 176 Jose, CA, USA). Gating strategies were applied to discriminate positively stained cells from the Algal body burden of PtNPs 181 Algae were exposed to PtNPs (2 and 80 mg Pt/L) in triplicate 250 mL flasks with 75 mL suspension 182 inoculated to10 5 cells/mL. A sample of 20 mL suspension from each replicate was taken after 2, 24 and 183 48 h incubation and filtered through a 3.0 µm nitrocellulose filter (Merck Millipore). The algal cells 184 retained by the filter were gently washed with 20 mL medium before filters were digested in Teflon 185 tubes (1 mL aqua regia at 90°C for 2 h). The Pt content was determined by ICP-MS analysis (Agilent 186 7700, Morges, Switzerland) after dilution with 5% (v/v) HCl (Baker, instar grade). The cell number for 187 each replicate suspension was determined after 0, 2, 24 and 48 h incubation on a Coulter Multisizer III 188 particle counter (Beckman-Coulter, Switzerland). Suspensions of PtNPs in media (80 mg Pt/L) without 189 algae were applied as background controls, and treated as described above. The particle counts and Pt 190 content of digested filters were all background corrected using data from these controls.
192
Atomic force microscopy imaging 193 For atomic force microscopy (AFM) both algal species were exposed to PtNPs (10 mg Pt/L) under the 194 same conditions as described for growth inhibition testing. After 48 h incubation, a drop of each 195 suspension was placed on sliced silicon wafers and allowed to dry. To remove dry salt particles, the 196 wafer pieces were carefully washed with distilled water and dried again with nitrogen gas. Atomic
197
Force Microscope (AFM NX20, Park Systems) images were taken of the two samples using non-198 contact mode, an amplitude of 1.67×10 6 nm and a scan rate of 1 Hz. 
Statistical analysis and data interpretation 201
Mean effective concentrations (EC 50 ) and corresponding 95% confidence intervals for the inhibition of 202 algal growth rates and carbon assimilation were estimated using the statistical program LOG457, which 203 applies the log-logistic model for nonlinear regression analysis of responses versus concentration, 204 minimizing the sum of squares between calculated and measured inhibitions. 28 211 The size distributions of PtNPs suspended in algal media were determined after 1, 24 and 48 h by 212 AsFlFFF (4 mg Pt/L), DLS (30 mg Pt/L) and NTA (80 mg Pt/L), see Figure 1 . A size peak of 10 nm 213 was identified by AsFlFFF and DLS. For NTA the size detection limit is higher than 10 nm, but NTA (Table S2 ). This decrease may be due to agglomeration, as larger agglomerates will not 228 elute from the channel and hence not be detected by ICP-MS.
RESULTS AND DISCUSSION

210
Characterization of PtNPs in algal media
229
The concentration of dissolved Pt in PtNPs suspensions (total concentration 68 mg Pt/L) prepared in Collectively, these data suggest that abiotic ROS generation is influenced by the media and that abiotic 246 ROS measured in the PtNP suspension cannot be solely ascribed to dissolved Pt. The abiotic ROS 247 generation activity by PtNPs of various shapes has been reported as low, based also on a cell-free DCF 248 assay. 29 Comparison of results is however challenged by differences in methods and media applied. in agreement with the reported EC 50,72h value of 17 mg Pt/L for growth inhibition in P. subcapitata 256 exposed to PtNPs. 11 Due to the dark color of the suspensions, we hypothesized that PtNPs limited the 257 available light for algal growth causing shading, thus inhibiting growth physically rather than by a toxic 258 action of the PtNPs to the algal cells. As growth rate inhibition also occurred in the double-vial setup 259 with no contact between algae and PtNPs, we cannot falsify this hypothesis. The growth rate inhibition 260 found using the double-vial setup was however slightly lower that in the standard test setup with 261 EC 50,48h = 45 [30-68] and 373 [167-838] mg Pt/L for P. subcapitata and C. reinhardtii, respectively 262 ( Figure 2A , C). These results suggest that physical shading from PtNPs lowered the algal growth rates, 263 but also indicate that PtNPs inhibit algal growth rates by other means than shading, possibly by direct 264 toxic effects. However, the higher response in the regular setup could also arise from PtNPs adhesion to 265 the algal surface, potentially causing "localized" shading and/or interference with the membrane, 266 nutrient uptake and other cellular processes involving the cell surface. 14 As described by Hjorth and co-267 workes 30 :"Shading and toxicity are not additive effects. The impact of shading cannot be eliminated 268 by simply subtracting the effect observed in the shading test from the actual test. Deducting the effect 269 of shading is more complicated for NPs as the exact mode of action is unknown and the observed 270 effects are potentially multicausal." Also, shading can mask or limit potential toxicity, because slowly 271 growing algae under low light intensity are less sensitive to toxicants than faster growing algae. 30
272
In agreement with our results, shading effects have been reported to markedly influence growth rate 273 inhibition in green algae exposed to gold NPs 31 and carbon nanotubes, 32 while studies with ZnO, CuO 274 and TiO 2 have found shading negligible. 14, 33 It is likely that exposure concentration, suspension color, however different between data from the shading and the regular test with C. reinhardtii ( Figure 2B ).
283
As the EC 50 values does not differ between the regular and the double-vial setup, the 2 h 14 C-284 assimilation inhibition in both algal species may be solely ascribed to physical shading effects of 285 PtNPs. Thus, the endpoint of 2 h carbon assimilation is even more sensitive to shading and/or less 286 applicable for testing PtNP toxicity than the standard 48 h growth rate inhibition test.
287
Using the ultracentrifugation results, concentration-response data for PtNPs were recalculated based on 288 the dissolved Pt concentration rather than the total nominal concentration (Figure 2A , C). For C. 289 reinhardtii these data aligned closely with the PtCl 4 data, as also seen by the overlapping 95% 290 confidence intervals of the EC 50 values. Thus, the PtNP toxicity to this algal species may be caused by 291 the dissolved Pt. For P. subcapitata however, data based on dissolved Pt showed greater inhibition than 292 PtCl 4 , suggesting a possible NP-specific effect.
293
Taken together, the 48 h growth inhibition data (Figure 2A , C) demonstrate that P. subcapitata is more 294 sensitive to the toxic effects of both PtCl 4 and PtNPs than C. reinhardtii. Furthermore, the results from 295 the double-vial setups indicate that P. subcapitata is more affected by shading than C. reinhardtii. It 296 may be, that P. subcapitata is less efficient in adapting to light conditions over time, and thus more 297 affected by this physical effect than C. reinhardtii. The potential photochemical efficiency monitored 298 over 48 h in algae exposed to 0, 2 and 80 mg Pt/L ( Figure S7 was indeed slightly lower for P. 299 subcapitata than C. reinhardtii, both for controls and exposed algae. This agrees with the difference in 300 16 growth rate measured for the two algal species controls in growth rate inhibition tests (app. 1.1 vs. 1.8 301 d -1 for P. subcapitata and C. reinhardtii, respectively).
302
Overall, the results demonstrate that shading from PtNPs does occur and affects the growth rates 303 measured in a standard guideline test. If the double-vial setup had not been applied, comparing the 304 results for PtCl 4 and PtNPs in Figure 2 could easily be misinterpreted and lead to faulty conclusions. 305 Due to the influence of shading, neither growth rate inhibition nor 14 C-assimliation can be considered 306 appropriate endpoints to test algal toxicity of PtNPs for hazard identification purposes. As the PtNP 307 toxicity may be attributed to dissolved Pt for C. reinhardtii, but not entirely for P. subcapitata, the NP-308 specific effect(s) found could be algal species specific though the behavior of PtNPs in the two 309 different algal media used, may also affects the toxicity. Figure 3D ). Interestingly, no 319 signs of oxidative stress were detected in P. subcapitata upon PtCl 4 exposure ( Figure 3C ), indicating 320 the oxidative stress from PtNP exposure is not related to the dissolved Pt. Despite the substantial 321 percentage of cells with oxidative stress caused by PtNPs, the percentage of cells with membrane 322 damage were < 2% for P. subcapitata and < 22% for C. reinhardtii (supporting data, Figure S8 ). This 323 suggests that the antioxidant systems of both algal species were able to cope with the oxidative stress 324 induced by PtNPs, thereby preventing its progression to membrane damage. In vitro studies using Algal body burden of PtNPs 331 Although exposed to similar PtNP concentrations in suspension, the Pt body burden differed greatly for 332 the two algal species (Figure 4A, B) . In general, the body burdens were higher for P. subcapitata, Another factor influencing the body burden is the higher growth rate of C. reinhardtii compared to P. 347 subcapitata. This causes the ratio of PtNPs to algal cells to decrease faster in C. reinhardtii, and thus 348 yield a lower body burden after 48 h exposure to PtNPs.
349
In a separate series of tests, the two algal species were examined by AFM after 48 h exposure to PtNP, 357 Overall, the characterization of PtNPs in algal media showed a higher degree of agglomeration and 358 dissolution of PtNPs in the TAP4 medium, whereas slightly more abiotic ROS was generated in the 359 ISO medium. The implications of these findings are discussed below, along with the possible 360 connection between the toxicity endpoints, and the difference in toxicity of PtNPs vs. dissolved Pt.
PtNP behavior in test media and related biological effects
361
According to NTA, a significantly higher number of agglomerates was formed during 48 h incubation 362 in the TAP4 medium (C. reinhardtii) than in the ISO medium (P. subcapitata). The lower PtNP body 363 burden in C. reinhardtii cells may be linked to the agglomeration behavior in the TAP4 medium, as 364 smaller particle sizes theoretically favor greater adhesion to the algal surface, due to the increased 365 number of particles available for contact with the algae. The lower Pt body burden in C. reinhardtii 366 may in turn explain why this species was less affected in the growth inhibition test with PtNPs, as less 367 contact between algal cells and PtNPs also reduces any localized shading and/or physical effects.
369
Both AsFlFFF and ultracentrifugation data showed higher dissolution of PtNPs in the TAP4 medium 370 (C. reinhardtii) than in the ISO medium (P. subcapitata). The growth rate inhibition of C. reinhardtii 371 could be explained by the dissolved fraction of Pt in the medium. For P. subcapitata however, the 372 PtNPs caused higher growth rate inhibition than explained by the measured dissolved Pt. Furthermore, 373 the oxidative stress responses in the two algal species were not governed by dissolved Pt. For P. 374 subcapitata all cells were affected by PtNPs, but none by PtCl 4 (Figure 3 ). C. reinhardtii cells were 375 affected by both PtNPs and PtCl 4 , but the presence of dissolved Pt cannot fully account for the level of 376 oxidative stress nor the recovery observed when cells were exposed to PtNPs (Figure 3 intracellular ROS can trigger a cascade of cellular events that may cause toxicity. 42 The reverse may 403 also occur, i.e. that NPs induce toxicity by another mechanism, such as DNA lesions, leading to 404 cellular stress and accumulation of intracellular ROS. 43 DNA damage is a known effect of platinum 405 compounds and is also confirmed for PtNPs in human cells. 35, 36 However, whether DNA damage 406 results in cytotoxicity strongly depends on the nature of formed DNA adducts, as documented for the 407 stereoisomers cis-and transplatin in their toxicity towards cancer cells. 35 Least oxidative stress was 408 found for P. subcapitata even though higher toxicity occurred for this species and more abiotic ROS 409 was produced in the medium of this species (ISO medium). The many pathways interlinking 410 abiotic/biotic ROS, oxidative stress, DNA damage and cellular toxicity challenge the establishment of 411 causality.
412
Our results demonstrate that shading is an important artefact in standard algal growth rate inhibition 413 testing of PtNPs. If not taken into account, the standard method is not applicable for regulatory hazard 414 identification purposes. The shading issue will be relevant for other NPs as well, especially those with separation program found is detailed in Table S1 . In order to characterize the sample, the system was first 
